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   EMISSION SPECTRUM OF THE FLAME OF BROMINE 
      BURNING IN HYDROGEN AND MECHANISM 
               OF THE REACTION*. 
                          By Tcrsuzo Itl'rAcAw:1. 
   In the preceding paper') it was reported that in the emission spectrum of the 
flame of chlorine burning in hydrogen some emission bands were found, which 
were ascertained to belong to the excited chlorine molecules, and the mechanism 
of the combustion reaction between chlorine and hydrogen was discussed from these 
results. 
   In the combustion f bromine in hydrogen a number of emission bands belonging 
to the excited bromine molecules were found. In the present paper the mechanism 
of the reaction between bromine and hydrogen will be discussed from this fact. 
    [I] The Emission Spectrum of the Flame of Bromine in Hydrogen. 
   (i) Apparatus 
    The apparatus used is shown in Fig. I. Purified hydrogen was introduced 
                                     through a flow-meter and the side tube 
 O t into the quartz vessel a. 3 cm. in                                     diameter and Iocm. in length, and the
XKI
I.
1             V. rl 
     Fig. t. The Main Part of the Ap 
the temperature of the reservoir 
boiling point of bromine (58.7°C.
11
paratus. 
                                                    and 
of liquid b 
) by n 
(B5, No. 33) coiled round it. The t                              tube 
method to light the flame of bromine w 
   No grease was used on the pa                           ssage                                  the 
ground part g was joined with a small quantity of viscous pho 
   The same glass spectrograph wa 
     • This paper is the English translation                                           article published                                        f 
       10, x (1936). 
      I) T. Kitagawa, Re•. Ph;'s. C/umt. Jaftm . 7 4
    i eter d t  cm.  gth, d e 
    excessive hydrogen and the hydrogen 
    bromide formed by combustion were 
    expelled through the other side tube d. 
     Bromine vapour was let flow out 
            /e at a constant velocity,    throughg 
           being kept constant above the bromine 
[cans of the electric current on nichrome wire 
   g-/i was specially made of quartz. The 
as the same as that of the preceding report". 
of           bromine vapour and only the 
111 tity f visc s sphoric acid. 
s used as in the preceding experiment". The 
                          in le,v. rrl.:. C1u„r. japa",   the same
i
I
The Review of Physical Chemistry of Japan Vol. 12f No. 3(1938)
136 T. KJTAGAWA Vol. XII 
dispersion ofthe spectrograph was 12 A/mm at 4500 A and 45 A/mm at d 9900 A. 
The Ilford Hypersensitive Panchromatic Plates were also used. 
   (ii) Temperature of the flame 
    The temperature of the flame was measured by means of a thermoelement 
with platinum-platinum rhodium alloy. which indicated the temperatures of about 
48o°.5oo°C. There was some reason to believe that the temperature of the 
flame was somewhat higher than this. It was proved, however, that the temperature 
of the flame of bromine was relatively low compared with the flame of chlorine 
which had been about iooo°C. 
   (iii) Emission spectrum of the flame 
   The flame was visibly of orange colour. The emission spectrum of the flame 
is shown in Plate I, the time of exposure being about i hour. In Plate I about
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                            Plate I. 
                    The Emission Spectrum of the Flame (Ref., Fe-arc spectrum). 
43 emission bands arc observed in the. range is 688o-sooo A. The fine structure 
of each band is obscure. but the band-head is distinctly observed, and all the 
bands shade to the red. The band-heads of these emission bands were measured, 
being referred to the Fe-arc spectrum- In Table I are given the wave-length 2, 
the wave number in vacuum Y and the intensity roughly estimated. 
   (iv) The carrier of the emission bands 
    From the fact that the emission band system in Plate I is relatively of simple 
structure it is probable that the carrier of the spectrum is a diatomic molecule. 
The diatomic molecules present in the flame are hydrogen, hydrogen bromide and 
bromine. The band spectrum belonging to hydrogen is known as many lined 
spectrum which exhibits innumerable emission lines and is not of an ordinary hand 
form. Hydrogen bromide has a continuous spectrum as far as we know. Weizel, 
Wolfl and Binkele2) found in the discharge tube of hydrogen bromide a wavy 
continuous spectrum in the ultraviolet region, but no emission spectrum corres-
ponding to this could be found in the flame of bromine and hydrogen. It is 
evident, therefore, that the emission bands in the flame do not belong to these 
two kinds of molecules. Accordingly, it is considered that the carrier of the bands 
will be the bromine molecule. 
    Many researches on the absorption spectrum of bromine vapour have been 
made. Let us compare the absorption band of bromine with the emission band of 
the flame in question. The wave length of the absorption band of bromine was 
measured by Kuhn2), Nakamura4j and lately Browns). In Table II are given the 
wave number by Brown and that of the emission band by the author in the second 
and the third column resp. Comparing these values it is found that both wave 
numbers coincide well with each other within the experimental error. This leads 
to the conclusion that the emission spectrum of the flame is ascribed to the bromine 
      2) W. Weizel, •11. W. Wolf u. If. E. Biilkele, 7.. physik. Chem. (B), 10, 459 (1934 
     3) It. Kuhn, Z. PGysik, 39, 77 (1926), 
      4) U. Nakn,nura, Alnu. Coll. Sc. A )41o Imp. Univ. (A), 9, 335 (1926). 
      5) \V'. 1:. Brown, P/rvs. R.v., 38, 1179 (1931) 39. 777 (1932).
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molecule. This conclusion is also supported by the fact that both the emission 
band of the flame and the absorption band of bromine shade to the red region. 
    (v) On the emission band of bromine 
    Few studies on the emission band of bromine have been done as compared 
with those on its absoption band, and any emission band system of bromine which 
coincides well with the absorption has not yet been found) in the discharge tube. 
    According to Urey and Bates", a faint band spectrum in the range between 
2) 4250 and 4675 A was found in the flame of oxygen which contained bromine 
burning in hydrogen, and the spectrum was considered to belong to a compound 
of oxygen and halogen. In the present experiment, however, any such emission 
band was not observed in the wave length range. 
    According to R. S. Mulliken", the emission hand of bromine in the flame 
(Plate I) shoud be due to the electron transition from the Out state to the '-"9+ 
state, for the normal state of a bromine molecule is and its excited state On'. 
Accordingly, the excited bromine molecules in the Oui' state must be generated 
in the flame. 
   Before we consider how the bromine molecules are excited by the chemical 
reaction in the flame, let us calculate from a band-head analysis the vibrational 
energy which is possessed by the excited bromine molecule in the Ou'' state.
             [II] Band-Head Analysis and (1(r)-Curves of Br.,. 
      (i) Band-head analysis of the emission band 
      The band-heads in the emission spectrum (Table I) were analysed and the 
  results obtained are given in Table TIT, where the unit is given in cm, and the 
  intensity is indicated in parentheses. v' and v" in Table III are the vibrational 
  quantum numbers of the excited and the normal states of the bromine molecule -
  respectively, and these values have been determined in the isotopic displacement 
  of the absorption bands by Brown. 
      Front the band-head analysis it is seen that the emission bands of bromine 





V. Uchida and V. (ta, ,JS. J. Phvt., 5, 59 (19^-5). 
II. C. Urey and J. R.. Bates, Ph1 . Rev., 34, 1541 (1920-
R. S Kulliken, Rev. Afod. Phvs., 4, 1 (1932). 
W. M. Vaidya has lately observed in the flame of ethyl bromide the emission bands of bromine 
which coincide with the present author's (Pne. lnd. Acad. Sot [A), 7, 321 (1935)}
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 5-'-21 in the excited state to ,/'=1-.;7 in the normal state. Thus, the vibrational 
 quantum numbers ,/ and ,/' of the emission bands could be determined as follows: 
                      r/=5. 6, 7........ 21 ; ./'=r, 2, 3........ 7. (1) 
     The wave number v of the bromine 
 bands can be expressed by the following Table IV. 
                                                    Simplified Expression of the Band Analysis
formula given by Brown :
      v=-15831.2+(t 63.81,/ 
         - 1-597/2-0-0087"')-(322-7 171" 
            -f.1 .5?ors) cut-'. (2) 
The calculated wave numbers being substi-
tuted the values of J and J' (1) in formula 
(2) are given in the fourth column of Table 
If, which coincide well with the wave nom-
bets of emission bands of the flame in the 
third column. 
   In Table IV the bands observed by 
Brown in the absorption spectrum of bromine 
vapour are represented by the sign 0 and 
those by the author in the emission spectrum 
of the flame by the sign + for simplicity. 
   (ii) U(r)-curves of Br_ 
   In order to make clear the mechanism 
of the emission of the bromine bands let us 
draw the U(r)-curves of the bromine mole-
cule. The formula to express the potential 
energy U in a diatomic molecule has been 
given by Morse" thus :
     U=E+Djt-eel ~1~TCtn ', 
         a=, J8, exewep//s cm- 1. (3) 
   The vibrational energy G(v) of a di-
atomic molecule whose vibrational quantum 
number is v is expressed by 
1 
2
of Bromine in the Transition Ou+._^2•g+. 
  Q O6crved in the al sorption spectrum 
     by G. Brown. 
  + Ol,serned in the emission spectrum of 




























































































G(r)=(rla + 2)-S (tlel ?/+ ?) )+)',,,.(V+ Z) -...Cin ', (4)
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where y eo, is so small 
v is not so large". 
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The molecular constants in Table V have been adopted from Jevons' Report"). 
The U(r)-curves of the bromine molecule obtained by equation (3) is shown in 
Fig. 2, where the potential energy U (cm) is taken as the ordinate and the 
internuclear distance r (cm) as the abscissa. The upper curve indicates the excited 
state and the lower one the normal state. The calculated vibrational levels are 
shown by horizontal ines in the figure. The arrows downwards indicate the 
processes of the transition for the emission bands of bromine in the flame. 
   The wave lengths of the emission bands starting from the vibrational states 
such as z/<s are, from Frauck-Condon's principle, so long that they go beyond 
the sensitive range of the photographic plates used, and from this reason they 
have not been observed in practice. From Table III it is apparent that the inten-
sities of the emission bands belonging to v'>15 are very small. It follows, there-
fore, that the excited bromine molecules at the Ou* state in the flame arc, in the 
main, in such vibrational states as z/=ts-ro. 
               [III) Chemical Reaction Mechanism. 
   (i) Mechanism of the emission bands of the flame 
    It has been clarified in the preceding section that in the reaction system of 
the combustion of bromine in hydrogen there must be formed the bromine mole-
cules which have been excited to the Ou* state. These molecules will be written 
as Br..* hereafter. Let us consider how Br..* is formed in the chemical reaction 
between bromine and hydrogen from the standpoint ofthe chemical reaction kinetics. 
   (t) How much excitation energy is required in the formation of the Br.-.* ? 
The inner energy of a diatomic molecule contains, in general, electronic, vibra-
     to) In thin Table. D=D,-G(o),, where G(o) is the vibrational energy at the absolute zeroo temperature. 
     it) 1Y. Jevons, "Aepozd onBand-.Sf ctm of Diatomic Alokade,," 1932, P.280,
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tional and rotational energies, of which the quantum of the rotational energy is so 
small as to be neglected here. 
   According to Jevons't), the electronic energy F-,,, required to excite the bromine 
molecule from the '.t.'R state to the Out state is 45,000 cal. (J°•0f=t5831cm '). Let 
is,' and EV' represent the vibrational energies of the molecule in the excited and 
the normal states respectively, then the required excitation energy W is expressed 
thus:
                                  (5) 
The vibrational energies Ez/ and ET/' can be calculated by formula (4), using the 
molecular constants given in Table V'%. 
   (2) The origin of the excitation energy 6V should be brought forth from the 
chemical reaction heat Q. If so, the amount of the reaction heat has to be enough 
for the excitation energy. 
    It has been admitted by many experimental results that the reaction : 
            Br_+ I L,=2 H Br+ 24, 300cal. (6) 
proceeds according to the following reaction mechanism": 
              Br.=2Br-45,20ocal., (7) 
              Br+H,=,,HBr+H-t6,2oocal., (8) 
and 1-I+Br.,=HBr+Br+4o,5oocal. (9) 
The bromine atones formed in the primary reaction (7) bring forth successively the 
secondary reactions (8) and (9). 
   In the reaction system at higher temperatures such as the flame, it can be 
considered that the alternate repetition of the reactions (8) and (9), namely chain 
reactions, may take place. In the chain reactions the reaction (9) is only an exo-
thermic one. It follows, therefore, that the excitation energy IV must have 
originated from the reaction heat produced in (9). Then, is the reaction heat Q= 
40,5o--cal. of reaction (9) really sufficient for IV? 
   a) If Ez/=o in equation (5), then 
             l410)= E„n,-EJ', (10) 
where W(o) represents the energy required to excite Br. to the lowest vibra-
tional state of Br,,*. It the reaction heat Q is considered to be not smaller than 
     12) Rv-hc• C(v) erg., and between the Lot i s of energy there lobes the following relation: I volt 
         =8ro6ern-'=23,o55cn1=x.58X Io-'erg/moleculeI 
t3) K. F. Bonhoefer u. I'. Iiarteek, „Gnradlosnn der Photorhemie," 1933, S.233•
3(1938)
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and, therfore, 
   Substituting                       (12), 
to the energy of the vibrational state of Br_ whose vibrational quantum number 
v' is 5. This shows that the Br_ molecule which has been in the vibrational states 
higher than v'=5 may be excited to become Br*. And in fact the presence of 
the molecules in such vibrational states higher than v'=5 is evident from the 
appearance of the absorption bands belonging to these states in the absorption 
spectrum of bromine vapour (Table IV). With rising temperature the molecules 
can advance to higher vibrational states by gaining vibrational energies, and so it 
is apparent that in the case of higher temperatures such as the flame a number 
of molecules in the states higher than v'=5 exist. 
   b) The excitation energy required to excite the molecule to the vibrational 
state 7/=i, in the excited state is 
            YV( 15)=E:+ Fr/ -EV', (to) 
where Ev=6,ooocal, for v'=[5 from calculation. When we assume that the mean 
collision energy (EH,=5,ooocal.) possessed at the temperature of the flame par-
ticipates in the excitation, we have 
            Q+E >E +EvI-Ev", F-v">5,500cal. 
   The vibrational state of Ev"=5.5oocal. corresponds to the vibrational quan-
tum number v"=6. Therefore, the Bre molecules in the vibrational states uch 
as v'>6 will be excited to the vibrational state such as v=15 in the Ou+ State. 
The excitation of the bromine molecule in the flame can be explained from the 
reaction energy Q=4o,5oocal. generated in reaction (9)t" 
   (3) As at the temperature of the flame (about Boo°K) the mean kinetic 
energy of molecules i only 2'3 kcal., it can not be considered that the whole of 
the reaction heat 40.5 kcal. turns into the translational energy of the molecules 
generated, i.e. I-IBr and Br, but that almost he whole becomes the inner energy 
of those molecules. l-IBr or Br, however, has none of the electronic excited state 
in the neighbourhood f the energy level as 40.5 kcal. Accordingly, if the rota-
tional energy of HBr is not taken into cosideration, Q is to be accumulated as 
     14) In the chemical reaction system of the name It- and Br-atoms have of course been generated, 
         but in the spectrum of the flame neither line spectra due to these atoms nor many-linedd spectrum 
        belonging to the II_ molecule could be found. This may be ascribed to tile fact hat he 
        excitation energy IV of these atoms ormolecules is far higher than the reaction heat Q of reaction 
        (9). For the appearance of the, emission spectra of II_, If and Br in the observable range they 
        require'e at least the following energies: IT-,318 local.: II (Balmer ), 276kcal.i Br,15o kcal,
                    The Review of Physical Chemistry of Japan Vol. 12f No. 3 (1938) 
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the vibrational energy of f-IBr immediately after reaction (9). Let HBr* repre-
sent the hydrogen bromide molecule possessing so much vibrational energy. The 
calculation made"' shows that it is possible for the normal hydrogen bromide mole-
cule to have the energy 40.5 kcal. if it is in the vibrational state whose vibrational 
quantum number rP is 6. In the studies of the infra-red absorption spectra of 
hydrogen bromide the vibrational states uch as ;P=2, r, o in the '-Y state have 
been observed and in the near future the presence of such a vibrational state as 
J'=6 will be ascertained. 
   (4) Let us assume that the mean life of I-1Br` is considerably long and its 
vibrational energy is scarcely lost before collision. Then we can imagine that in 
the collision of I-I13r* with Br, the excess energy of HBr* may be transferred to 
the colliding Br2 molecule, and the latter may be excited, thus: 
            Br,('_`,)+IlBr*=Br,*(Ou*)-f-IMBr. (13) 
Br._` formed in (13) will again return to its normal state emitting the band spectrum 
in the flame, thus :
            Br,* (Ou+)=Br.('_''R)+fiv, (14) 
where v is the frequency of the emission band. 
    In short, the mechanism of the emission of the band spectrum isexplained as 
follows: the reaction energy Q produced in 'reaction (9) is accumulated in
I-IBr as the vibrational energy immediately after the reaction, and when it collides 
with Br„ this molecule may be excited. The excited Bre molecule presents the 
band emission while it returns to its normal state. As the energy of the spectrum 
in this case originates from the chemical reaction between bromine and hydrogen, 
the emission of the band spectrum of the flame can be regarded as cliemilumines-
cence. 
    (ii) Branching mechanism of the chain reaction 
    It has been admitted that a combustion orexplosion reaction has a mechanism 
of a branching chain reaction. Let us consider the branching mechanism of the 
chain in the combustion of bromine nd hydrogen. 
    In Table V the dissociation energy of Bra is 45.2 kcal., which is approxi-
mately equal to its excitation energy. Therefore, when HBr.:* collides with Br„ 
there occurs not only the excitation (13) but also the decomposition f Br,: 
          Br,('S)+1-IBr*=2Br+IIBr. (t5) 
     r5) The calculation was done according to formula (4) by applying the molecular constants w. 
        ~z647cm-' and xaw, 44cm-' of HBr(lE).
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The Br atom thus generated becomes the origin of a new chain reaction, and thus 
the chain branches. 
    Other ways of branching of the chain reaction may also be considered. For 
example, (A) Br.* has the excess energy just sufficient for the dissociation energy 
of the normal By molecule as its excitation energy. Therefore, if Br.* collides 
with Br., according to the resonance of energies the latter decomposes thus: 
             BT.('S'r')+Br.*(Ou*)=aRr+Brz("r*). (l6) 
(B) The dissociation ]teat of 13r._* being to.7kcal. as seen in Table V, it is far 
more unstable than the normal molecule, and apt to decompose even by simple 
collision, which has been confirmed by W. Jost"1 in his study of the photochemical 
reaction between bromine and hydrogen. 
    In these ways, the chain reaction branches o frequently that the reaction 
velocity increases very rapidly and either explosion or com-
bustion occurs. As the concentration of Br.' is extremely Fig 3-
                                                                    schematic Expression 
low compared with, that of I3r_, it seems more probable that of the Branching of the 
the chain reaction branches according to the scheme as- (8)_ Br_•IL-Chain Reaction. 
     t which is shown in Fig. Br 
    Which of the two reactions, (13) or (i 5), has larger proba-
bility to take place can not be easily discussed here. If B` 
we assume, however, that both reactions, (13) and (15), HBt*\Br proceed at th  same ti e, it is considered that th  former J+ Ba 
explains the mechanism ofthe band emission observed in the 
flame and the latter that of the branching of the chain B
r BT 
reaction. 
                        Summary. 
    i) In the study of the enti>sion spectrum of the flame of bromine burning in 
hydrogen, about 43 emission bands have been found in the range between AT. 6875' 
and 56ooA, and the wave length of the band heads measured. 
    2) In comparison of the emission band'of the flame with the absorption band 
of bromine vapour, both wave lengths have been quite -in good agreement, 
and so it has been clarified that the emission band in the flame belongs to the 
bromine molecule and that its electron transition is thus: Ou' 
    3) From the results obtained by band-head analysis the vibrational quantum 
     r6) W. Jest, Z. physik. Chem., 134, 92 (19x3); (13), 3. 95 (19x9)•
                                        The Review ofPhysical Chemistry of Japan Vol. 12f No. 
No. EMISSION SI'ECCRUM OF THE FLAME OF BROMINE 147 
numbers belonging to the emission bands of bromine have been determined as 
follows :
                    J=5, 6, 7. ....... 21 ; v'=1, 2, 3, ......, 7. 
It has been assured that the excited bromine molecules in the Ou+state are gener-
ated in the chemical reaction system of the flame. 
   q) The process of the band emission has been explained by the U(r)-curve 
of Br, drawn by Morse's function. 
    5) The mechanism of the generation of the excited bromine molecules during 
the combustion reaction has been discussed from the standpoint of the mechanism 
of chemical reaction and it has been concluded that the band emission of the flame 
is a sort of chemiluminescence. 
   6) The mechanism of the branching of the chain reaction in the case of the 
combustion reaction has been proposed thus: 
       (8) Br+H_=1TBr+H, (14) Br.*=Br_+hv, 
       (9') H+Brs=[-IBr*+13r, (15) IlBr*+Br.=HBr+zBr, 
       (13) HBr*+Br.,=HBr+Br.*, (t6) Br_*+Br.=Br_+zBr. 
of these, (8)-(9')-(13)-(I4) represents he mechanism of the band emission and 
              or (8)-(9')-(13)-(16)-'the mechanism of the branching of the 
chain reaction. 
    In conclusion, the author has great pleasure in expressing his sincere thanks 
to Professor S. Horiba and Professor M. Kimura for their valuable guidance during 
the course of this work. He also acknowledges his indebtedness to the Japan 
Society for the Promotion of Scientific Research for a grant-in-aid. 
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